Chronological age is used as a marker for age-associated changes in cognitive function. However, there is great interindividual variability in cognitive ability among people of the same age. Physiological age rather than chronological age should be more closely associated with age-related cognitive changes because these changes are not universal and are likely dependent on several factors in addition to the number of years lived. Cognitive function is associated with successful self-management, and a biological marker that reflects physiological age and is associated with cognitive function could be used to identify risk for failure to self-manage. The purpose of this study was to investigate the association between telomere length, a known biomarker of age; blood pressure; cognitive assessments; and adherence to antihypertensive medication among community-dwelling middle-aged and older adults. The authors administered a battery of cognitive assessments to 42 participants (M ¼ 69 years of age), collected blood samples, and isolated peripheral blood mononuclear leukocytes for genomic DNA. The authors determined relative telomere length using Cawthon's method for real-time quantitative polymerase chain reaction (RT-qPCR) and measured medication adherence using an electronic medication monitoring system (MEMS by Aardex) over 8 weeks. Findings indicate that telomere length was inversely associated with systolic blood pressure (r ¼ À.38, p < .01) and diastolic blood pressure (r ¼ À.42, p < .01) but not with cognitive assessments or adherence. The authors discuss the nonsignificant findings between telomere length and cognitive assessments including the potential modifying role of gender.
Several theorists of aging have advocated identifying a biomarker for physiological age beyond chronological age, and this goal has been the focus of work groups at the National Institute on Aging (NIA) over the past two decades (Butler et al., 2004) . Biomarkers are measures that provide information on physiological status (Warner, 2004) . In 2000, an NIA work group developed a research agenda that included examining telomere length as a possible biomarker of human aging, indicating that although telomere length is not a direct measure of age, it could show biological age in certain cells. Few investigators have examined the relationship between telomere length and cognition, with the exceptions of Harris (Harris et al., 2006) , Martin-Ruiz (Martin-Ruiz et al., 2006) , and Valdes (Valdes et al., 2010) . Others have developed composites of biological markers that include measures of sensory function, muscle strength, lung and cardiovascular function and then have associated the composite with cognitive assessments in both cross-sectional and longitudinal studies (Anstey, Lord, & Williams, 1997; MacDonald, Dixon, Cohen, & Hazlitt, 2004) . The latter approach involves collecting information on biological parameters that may be compromised due to factors other than aging (e.g., visual acuity); therefore the association between these biological markers and cognitive function may be less specific and more prone to error. A more parsimonious approach would identify a biomarker that is associated with cognitive aging and would then have predictive validity for instrumental activities of daily living including medication taking.
Further, a biomarker should reflect the fact that biological aging is genetically, environmentally and stochastically determined (Vina, Borras, & Miquel, 2007; Weinert & Timiras, 2003) . The rationale for examining telomere length as a biomarker of aging is based on the cellular theory of aging that focuses on cell senescence. This theory accounts for genetic, environmental, and stochastic influences on aging (Njajou et al., 2007; Warner, 2004; Weinert & Timiras, 2003) . Cell senescence takes place because there are a limited number of available cell replications and when this number is reached, cell senescence or apoptosis occurs (Hayflick, 1965) . In 1971 , Olovnikov (1996 suggested that cell division is limited by what we have come to know as telomere length and the activity of telomerase, an enzyme that is necessary for rebuilding telomeres. Telomeres are DNA-protein complexes that cap the chromosome ends, thus promoting chromosome stability. Telomere length is a function of cell divisions; that is, as the number of cell divisions increases (replicative aging), telomere length decreases (Effros, 2009; Epel et al., 2004; von Zglinicki & Martin-Ruiz, 2005) . Telomere shortening happens in the absence of telomerase because DNA polymerase does not fully replicate on the 3 0 single-stranded overhang (Wright, Tesmer, Huffman, Levene, & Shay, 1997) . This phenomenon is referred to as the end replication problem. There is wide interindividual variation in telomere length at birth, implicating a potential genetic basis for the limits of cell replication. Investigators have also demonstrated that environmental factors, including stress, increase cell replication and therefore decrease telomere length (Epel et al., 2004 ; for a review see Epel, Daubenmier, Moskowitz, Folkman, & Blackburn, 2009 ). Telomere shortening has predictive validity since researchers have found it to be linked to mortality among older adults even when controlling for other factors (Farzaneh-Far et al., 2008; Martin-Ruiz et al., 2006) . Telomere length of peripheral blood leukocytes (PBL) may be a valid biomarker of age-related cognitive decline, as short telomeres in one tissue might act as risk markers (von Zglinicki & Martin-Ruiz, 2005) .
The association between telomere length and cognition should be particularly pronounced among individuals with hypertension because the rate of telomere shortening is accelerated relative to chronological age in this population (Fuster, Diez, & Andres, 2007) . Furthermore, cognitive decline is associated with the severity of hypertension (de Leeuw et al., 2002) . There is evidence linking hypertension with both cognitive decline and accelerated aging (demonstrated by shortening of telomeres). The purpose of this investigation was to examine the value of telomere length as a biomarker of cognitive aging among individuals with known hypertension. We used the conceptual model depicted in Figure 1 to guide this investigation, where chronological aging influences biological aging and the development of elevated systolic blood pressure (SBP) among middle-aged and older adults. We hypothesized that biological aging is inversely associated with SBP. Biological aging should be associated with agerelated performance on measures of working memory and executive function and consequently with medication adherence (Insel, Morrow, Brewer, & Figueredo, 2006; Stilley, Bender, Dunbar-Jacob, Sereika, & Ryan, 2010) . Therefore, telomere length may serve as a useful biomarker of cognitive aging among older adults with a diagnosis of hypertension.
Method Sample
We recruited individuals from community centers in a variety of locations and neighborhoods with the intention of obtaining a representative sample of middle-aged and older adults with hypertension. The sample comprised 42 community-dwelling, independently living adults (50 years of age or older). A power analysis indicated that a sample size of 42 was sufficient for a moderate degree of association. All potential participants were currently prescribed at least one antihypertensive agent for hypertension, which was verified by the data collector who read the prescription label. We screened participants for dementia and depression using the Mini-Mental Status Exam (MMSE), with scores < 24 used as an indication of potential dementia (Folstein, Folstein, & McHugh, 1975) , and the Short Form of the Geriatric Depression Scale (GDS-15), with scores > 6 indicating possible depression (Fountoulakis et al., 1999) . Using this cutoff score with the GDS-15 has a reported sensitivity of 92% and a specificity of 95%. The Institutional Review Board of the university approved this study, and data collection occurred at the university.
Procedure
Following a formal consent procedure and screening for dementia and depression, we obtained two seated BP measures 5 minutes apart with a digital BP device (Omron HEM 739, Omron Healthcare, Inc., Bannockburn, IL). We then drew blood for genomic DNA analysis, obtained demographic information, and completed the cognitive assessments. If participants were taking more than one antihypertensive agent, we wrote the name of each agent on a slip of paper and randomly chose which antihypertensive agent to monitor. Participants then transferred one of their prescribed antihypertensive medications to a medication container with a Medication Event Figure 1 . Conceptual model depicting the potential causal paths and associations among chronological age, biological age (as measured by telomere length), blood pressure among those with hypertension, and the cognitive processes of executive function/working memory capacity with consequent effects on capacity for self-management (as indicated by taking medications as prescribed). Group, 2010) . Study personnel picked up the MEMS cap 8 weeks later.
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Measures
Demographic variables. We asked participants questions about their age, marital status, and financial well-being (1 ¼ have enough money to do whatever I want, 2 ¼ have enough money, 3 ¼ barely make ends meet, 4 ¼ not able to make ends meet), the number of years of schooling completed and if they were hospitalized during the past year. We also asked them how many years it had been since they were diagnosed with high BP and for how many years they had been receiving treatment for high BP.
Cognitive function. We used six cognitive tests and subtests because they assess different aspects of cognitive functioning. These measures were Symbol Digit Modalities Test (SDMT; Smith, 1973) ; logical memory (immediate and delayed), letter-number sequence, and mental control from the Wechsler Memory Scale, Third Edition (WMS III; The Psychological Corporation; Wechsler, 1997b) ; the 64-computer version of the Wisconsin Card Sorting Test (WCST; Heaton, Chelune, Talley, Kay, & Curtis, 1993) , which we used for categories achieved and perseveration errors; and the STROOP test version from the Stoelting Company (''STROOP Color and Word Test, Adult Version, '' 2006) . The validity and reliability of the measures have been extensively demonstrated (Strauss, Sherman, & Spreen, 2006; Wechsler, 1997a) .
Blood pressure. We obtained two seated BP readings, 5 minutes apart, from the nondominant arm extended at the level of the heart, following the Seventh Report of the Joint National Committee on the Prevention, Detection, Evaluation and Treatment of Blood Pressure guidelines (Chobanian et al., 2003) . We calculated mean SBP and DBP by averaging the two seated measures.
Medication adherence. We assessed medication adherence using adherence to the interdose interval for the monitored medication over an 8-week interval, collecting data electronically using the Medication Event Monitoring system developed by Aardex (Aardex Group, 2010) .
Telomere measurement. We used peripheral blood mononuclear leukocytes isolated from participants as the source of genomic DNA for telomere length determination. In brief, we isolated PBL from blood samples within 24 hours of collection using standard Histopaque™ density-barrier procedures. We purified DNA using a QIAamp Mini kit (Chatsworth, CA), measured concentration and purity using an Eppendorf Biophotometer (Hamburg, Germany), and assessed DNA integrity by agarose-gel electrophoresis.
To measure the relative length of telomere sequences in each participant's DNA sample, we used Cawthon's (2002) quantitative real-time polymerase chain reaction (RT-qPCR) method employing an Applied Biosystems Model 7300 thermal cycler (Foster City, CA) and the primers and reaction conditions that Cawthon described. We measured telomere sequences and 36B4 sequences in separate PCR plates and assayed all samples in triplicate. In addition, we measured telomere and 36B4 sequences in a standard DNA sample (human Jurkat T-cell line) on each PCR plate to control for interassay variability. We calculated amounts of telomere and 36B4 PCR products for each sample by instrument software using the cycle threshold (C t ) method.
We used DNA samples from human lung microvascular cells (HMVECs) serially subcultured in vitro to verify that the telomere assay was valid to measure telomeres and sensitive to detect telomere shortening under controlled conditions. The HMVECs originated from a 3-year-old female donor and were obtained at population doubling (PD) number 20 (BioWhittaker/Clonectics, Walkersville, MD). We grew the HMVECs in culture and froze aliquots of samples at PD 22 and PD 40. We then compared telomere length in HMVECs at PD 40 to that of HMVECs at PD 22 following DNA isolation and relative telomere length determination as described above. In Figure 2A, we show that the telomere cycle threshold (C t ) values for the PD 40 cells is 2 amplification cycles greater than that of the PD22 cells, indicating shorter telomeres. We calculated an estimated telomere length in base pairs for these samples ( Figure 2B ), using the regression equation Cawthon derived (2002) , from a comparison of relative telomere lengths determined by RT-qPCR with telomere lengths in base pairs determined by telomere restriction fragment length analysis. Although only an estimate of actual length, this comparison demonstrates that the RT-qPCR assay can detect differences in telomere length due to differences in HMVECS cell population doublings of cells from the same individual.
Results
Demographic Variables
The sample comprised 42 participants with a mean age of 69 years (range ¼ 53-86 years), 79% of whom were women (n ¼ 33), 55% (23) non-Hispanic White, 24% (10) of Hispanic heritage, and 21% (9) African American. All participants were prescribed at least one medication to control high BP. The mean GDS-15 score was 1.98 with a Cronbach's alpha of a ¼ .57 for the sample screened for depression. Table 1 presents mean, standard error, and range for demographic and health-related variables.
Cognitive Measures
We present the mean, standard error, and range of scores in Table 2 for SDMT; WMS-III Logical Memory (immediate and long-delay total recall, immediate and long-delay thematic recall, and recognition memory), Letter-Number Sequence and Mental Control; WCST categories completed and perseveration errors; and the STROOP interference test.
Associations Between Indicators of Severity of Hypertension and Telomere Length
Neither the number of years since diagnosis of hypertension nor the number of years receiving treatment for hypertension correlated with telomere length (r ¼ À.04 and r ¼ À.06, respectively). Telomere length was associated with both mean SBP (r ¼ À.38, p < .01) and mean DBP (r ¼ À.42, p < .01; Table 3 ). Higher BP was associated with shorter telomeres.
Associations Among Telomere Length, Demographic Variables, Cognitive Processes, and Adherence
We present correlations between telomere length and SDMT; WMS-III Logical Memory immediate and long delay, Letter-Number Sequence, Mental Control; perseveration errors and categories completed on the WCST; and the STROOP interference score in Table 3 . Telomere length was significantly associated with SDMT in an unexpected direction (longer telomere length was associated with fewer correct responses on the SDMT).
Chronological age was positively associated with telomere length (r ¼ .20) and inversely associated with mean DBP (r ¼ À.45, p < .01), indicating that older persons had lower DBP. Chronological age was also associated with taking more medications (r ¼ .29, p < .05) and more antihypertensive agents (r ¼ .42, p < .01).
As expected, chronological age was inversely associated with performance on the MMSE (r ¼ À.36, p < .01), Mental Control (r ¼ À.30, p <.05), Letter-Number Sequence (r ¼ À.34, p < .05), SDMT (r ¼ À.43, p < .01) and number of categories completed on the WCST (r ¼ À.33, p < .05). In general, as expected, chronological age was inversely associated with performance on cognitive assessments.
We examined the association between gender and telomere length and found it to be r ¼ À.25, with a p-value ¼ .058. After controlling for chronological age, we still found a similar association between gender and telomere length (b ¼ À.26). While the current sample demonstrates a nonsignificant relationship between gender and telomere length, the association approaches significance and is intriguing, given the small numbers of males in the sample (n ¼ 9). Therefore, we conducted a subsample analysis examining the associations of MMSE and telomere length for women and men. Among the women, the MMSE was inversely associated with telomere length (r ¼ À.32, p < .05), whereas we would have expected a positive association between cognitive function and telomere length. Conversely, while not significant likely due to the small number of men, the association between MMSE and telomere length in men was in the expected direction (r ¼ .36). In this sample, ethnicity was not associated with significant differences in telomere length.
Telomere length was not associated with medication adherence (r ¼ .17); however, adherence was associated with cognitive measures in this sample. If telomere length were associated with the cognitive measures, it would be anticipated that telomere length would also be associated with functional abilities, particularly adherence to prescribed medication.
Discussion
In this study, we found that leukocyte telomere length was inversely associated with mean SBP and mean DBP among middle-aged and older adults as predicted in the model. Importantly, while mean SBP and DBP were associated with telomere length, the cognitive assessments were not. Within this sample, it appears that gender may have a modifying role in the association between telomere length and cognitive function and/or medication adherence. Given these findings, telomere length of PBL may reflect the effects of hypertension, but it does not reflect function of the central nervous system with respect to cognitive aging.
Telomere Length and Vascular Disease
The results linking higher SBP and DBP with shortened telomeres converge with other studies that indicate hypertension is associated with telomere shortening (Nakashima et al., 2004) and to the development of atherosclerotic plaques in those with hypertension (Benetos et al., 2004) . Association, of course, is not causation, and discussion continues regarding telomere shortening as a cause or consequence of age-related diseases (for reviews see Edo & Andres, 2005; Fuster & Andres, 2006; Minamino & Komuro, 2008 processes involved in hypertension implicate primary and vsecondary activation of the immune system. We used leukocytes in this study to obtain information on telomere length. Calculating telomere length using leukocytes could have consequences for the resulting associations with other factors because hypertension involves inflammation. Telomere length, based on cell replications of leukocytes is likely a good biomarker for severity of hypertension. Consistently, investigators have considered leukocyte telomere length to be a measure of somatic fitness since studies have demonstrated a link between telomere length and diseases of aging (for a review, see Aviv, 2006) . However, self-reported length of time since the diagnosis of hypertension and length of time since start of treatment with antihypertensives were not associated with telomere shortening. This finding suggests that length of time with hypertension is not the critical factor. Rather, the severity of the hypertension is likely linked to telomere length. The finding that telomere length is not associated with the length of time with hypertension could also reflect known problems with the validity of self-report (for more information on self-report see Schwarz & Oyserman, 2001) . When we asked participants to provide information regarding when the diagnosis of hypertension was made, they were often vague with estimates and seemed to base these estimates on their recall of when they began treatment. The longer the time since the initiation of treatment, the less likely self-report may reflect actual years undergoing treatment because people have difficulty recalling events that occur years ago.
BP is an indirect measure of aging that is often included in composites of biological aging and then correlated with cognitive aging. Investigators have found associations between hypertension and cognitive decline in several cross-sectional and longitudinal studies (Kilander, Nyman, Boberg, Hansson, & Lithell, 1998; Leys & Pasquier, 1999) . When BP is included in composites of biological aging, it is not surprising that the composite is associated with cognitive decline. Biological age, then, must be understood within the context of vascular aging, and including BP measures in composites may point to a causal association between vascular health and brain health. We did find associations between BP and some of the cognitive measures.
Telomere Length and Cognition
Contrary to what we proposed in the model, in this study involving a hypertensive sample leukocyte telomere length was not a useful biomarker of cognitive aging. Leukocyte telomere length was not associated with cognitive measures except in one instance where the SDMT score was associated with telomere length in an unexpected direction. This association could reflect Type 1 error since this single association without other measures following a similar pattern is difficult to interpret. Additionally, the small sample size may affect the stability of the correlations, although finding no or inconsistent associations between telomere length and cognitive assessments converges with other findings. Harris and her colleagues (2006) examined the association between telomere length and cognitive assessments among a cohort of individuals born in 1921 (all subjects were 79 years of age). They found a weak association between telomere length and verbal fluency (r ¼ À.16) and no association between telomere length and other cognitive measures. These findings suggest that the lack of association between telomere length and cognitive function may reflect an older cohort. Zekry and colleagues (2010) reported no differences in telomere length when comparing cognitively normal persons with those diagnosed with mild cognitive impairment or dementia among the oldest old, suggesting again that telomere length is not associated with impaired cognition in this age group. Conversely, Valdes and colleagues (2010) found an association between a subset of cognitive measures from the Cantab (Cambridge Neuropsychological Test Automated Battery); that is, Delayed Matching to Sample and Space Span Test, each nonverbal measures (Robbins, James, Owen, & Sahakian, 1994) and leukocyte telomere length among healthy women with a mean age of 48.6 years. Focusing on twins with discordant telomere length, investigators chose 40 fraternal twin pairs (average midquartile age range between 42.8 and 60.1 years) and compared their relative performance on the cognitive measures. Working memory assessments were significantly associated with telomere length in a positive direction. In support of the Valdes study, which involved women only, investigators have also found evidence that telomere length differs between genders (Cawthon, Smith, O'Brien, Sivatchenko, & Kerber, 2003; Mayer et al., 2006) , particularly when considering measures of vascular health in men and women across the adult lifespan (Benetos et al., 2001 ). Therefore, age cohort and gender are likely involved in the differences among the few studies that have examined telomere length as a biomarker for cognitive aging. Further study is warranted, and telomere length may yet prove to be a valuable marker of age-associated cognitive decline. The determination of biomarkers associated with cognitive aging and, importantly, biomarkers that link to theories of aging may be useful for identifying causal factors and consequent interventions to prevent cognitive decline. While a potential causal factor, cell senescence may not be critical in the study of brain age. As Harris and colleagues (2006) suggested, there are few studies about the influence of telomere length in nonmitotic human brain cells. Using rats, Cherif, Tarry, Ozanne, and Hales (2003) found evidence for genderand organ-specific telomere shortening, but specifically found little or no telomere shortening in brain tissue. It would appear that leukocyte telomere length may not be a robust indicator of age-related cognitive decline.
On the other hand, it may be that as we learn more about telomere biology, we may reach a better understanding of the relationship between telomere shortening and cognition. Studies (Cheng et al., 2007) have revealed that cellular mechanisms for neuronal protection from telomere shortening are more complex than merely a balance between telomere length reduction and cell divisions and telomerase. Newly discovered proteins also operate to protect mature neurons and make them highly resistant to telomere damage. These mechanisms may have a role in neuronal longevity and implications for interventions to prevent cognitive decline. Therefore, again, telomere length from PBL may not be the best measure for examining the association between telomere shortening and cognition.
Limitations
This study involved 42 middle-aged and older adults with known hypertension. Recent reviews of telomere length and age-associated changes suggest that the large interindividual differences in telomere length at birth, the large interindividual differences across the lifespan in telomere attrition, and the limitations to current methods used to measure telomere length necessitate large sample sizes to investigate age-associated changes and telomere length (Aviv, 2008) . Our sample size, although large enough to detect a moderate effect size in behavioral studies, was not sufficient to detect an association in studies using q-PCR for calculations of telomere length for reasons indicated by Aviv. In the present study, chronological age was not significantly associated with telomere length, and the direction of the relationship differed depending on gender. Age and gender have specific modifying influences on the association between telomere length and age-related factors (Cherif et al., 2003; Guan et al., 2007) . In other investigations, telomere length was associated with chronological age in men (Benetos et al., 2001; Cawthon et al., 2003) , but in this sample, though not a statistically significant finding, women had shorter telomeres. Even after controlling for chronological age, gender was not significantly associated with telomere length. Examining telomere length in individuals pre-and post-50 years of age, Guan and colleagues (2007) found that the difference in telomere length between men and women was greatest among 40-and 50-year-olds, whereas the rate of telomere attrition increased in women after age 50 relative to men. In support of the role estrogen may have regarding telomere length, using a case-control design, Lee, Im, Kim, Lee, and Shim (2005) found longer telomere length for postmenopausal women on long-term hormone replacement compared to women not taking hormone replacement even after controlling for several potential confounding variables. Estrogen may provide protection against telomere shortening, but in the present study we did not examine either menopausal status or use of hormone-replacement therapy. Investigators in future studies need to consider menopausal status in addition to the possible influence of hormone-replacement therapy on telomere attrition. Our findings suggest that further investigation of gender differences in telomere length and the association of telomere length with other age-related factors in specific clinical populations is needed.
Implications for Future Research
Future research should examine other biomarkers of aging and cognitive function. Cognitive function has important implications for self-management and consequently affects ongoing success of independent living (Insel et al., 2006; Stilley et al., 2010) . Findings from these types of investigations could help identify risk and lead to potential interventions. Part two of this article, ''Biomarkers of Cognitive Aging,'' offers a potential avenue for further investigation.
